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SUMMARY 



Teste hav6 boon conducted in flight to determine the 
boundary-layer characteristics and the profile drag of the 
NACA 35-215 airfoil section at high Reynolds numbers. These 
tests were made on a test panel of 17-foot chord mounted on 
the left wing of a Douglas B-l8 airplane Just outside of the 
propeller slipstream. Tests were made to determine the tran- 
sition points and the boundary-layer velocity profiles for 
various surface and power conditions over a range of airplane 
lift coefficients from 0.20 to 0.H6 for which the range of 
corresponding Reynolds numbers was 30,000,000 to 20,000,000. 
The profile-drag coefficient of the panel was determined for 
the best surfaco condition both with power on and with the 
engines and propellers utopped over a range of airplane lift 
coefficients from 0.23 to 0.32 with a Reynolds number range 
of 32,000,000 to 16,000,000. In addition, the profile drag 
of the upper surface alone was determined for the same power 
and surface condition and over approximately the same range 
of airplane lift coefficients and Reynolds numbers. 

With the best surface condition and the left engine 
stopped, the laminar boundary layer was maintained to k2.h per- 
cent of the chord on the upper surface at a lift coefficient of 
0.220 and a Reynolds number of 26 700,000. The results of the 
transition tests indicated a reduction of about 3 percent of 
the chord in the laminar-flow run over the upper surface due 
to operation of the engines and propellers. As a result of 
reducing the indicated amplitude of the transverse waves on 
the upper surface from 0.005 to 0.001 inch, the transition 
point moved back from about 32.5 to about 1+2.5 percent of the 
chord. 
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The velocity surveys in the laminar boundary layer indicated 
that values of bounaary-layer ReynoJds number Rg (based on the 
distance above the surface at which the dynamic pressure in the 
boundary layer is one-half that just outside the boundary layer) 
exceeding COOO are attainable in flight on suitably designed and 
carefully finished airfoils. 

The profile-drag coefficient of the test panel with engines 
stopped was found to remain substantially constant at a value 
of about 0.00H8 for flight conditions ranging from an airplane 
lift coefficient of 0.21 and a corresponding Reynolds number of 
about 30,000,000 to a lift coefficient of 0.32 and a Reynolds 
number of 2U,000 ; 000. Over the same rnnge of conditions the 
profile-drag coefficient of the upper surface alone varied from 
about 0.0022 at the lowest lift coefficient tested to 0.0028 at 
the highest lift coefficient. With both engines operating at 
full throttle the drag coefficient due to both surfaces and that 
due to the upper surface alone were both increased on the order 
of 8 to 10 percent . 

The results of the tests indicate the desirability for 
continued flight research on airfoils at large scale to supple- 
ment the development work of the tunnels. 



IOTR0DUCTI0N 



During the earlier stages of the Committee T s work on the 
development of laminar-flow airfoils (reference l), it was 
found that by suitably designing the -orofile of an airfoil a 
favorable or accelerating pressure gradient could be maintained 
over as much as 80 percent of the chord back of the leading edge. 
Tests of some of these airfoils in the wind tunnels and in flight 
showed that within the lower flight range of Reynolds numbers 
the laminar boundary layer extended as far back a3 80 percent 
of the chord from the leading edge, with the result that the 
profile drag was extremely low. 

In the higher Reynolds number ranges, Say, above 20,000,000, 
it was expected that other methods might be required to obtain 
the desired extensive laminar boundary layers and resulting 
extremely low drags. The present investigation was undertaken 
with the object of investigating methods of prolonging the 
laminar flow at high Reynolds numbers and to give data for 
comparison with wina.-tunnel data. Consequently, a suitable wing 
was chosen with these objects in view rather than with this 
object of choosing an optimum section for any particular 
practical application. 
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This report represents results of the tests of the plain 
airfoil. These tests covered a ran^e of Reynolds numbers 
between 20,000,000 and 30,000,000 and included variations in 
power condition and surface conditiun. An investigation of 
the effect of section slots for hound ary-layer control will 
ho covered in a subsequent report. 

The tests were made with a B-l8 airplane which was made 
avai-lable for this project by the Amy Air Corps. 



APPARATUS 



The Douglas B— 18 airplane is a bimotored. fully cantilever, 
midwing monoplane with a wing area of 9?8.6 square feet and a 
design gross weight of 23,200 pounds. It is powered with Wright 
Cyclone R-l820~^5 engines (810 horsepower at 2100 rpm and 
87OO feet) fitted with 3-blade propellers having a diameter of 
11 feet 6 inches. Hamilton Standard, hydraulically controlled, 
constant-speed propellers are normally used on this airplane , 
but for most of the present tests, they were replaced by Curtiss 
electrically controlled full-feathering propellers in order that 
the engines could be stopped during flight. The weight of the 
airplane as flown was approximately 22,000 pounds. 

A test panel having the MAC A 35-215 airfoil section (table I) 
was mounted on the left wing of the airplane. The chord of the 
panel wa3 17 feet and the span was 10 feet at the leading edge, 
tapering to 5 feet at the trailing edge. It was constructed of 
laminated white pine in the form of a hollow shell with walls 
about 2 inches thick; the outside profile was accurately shaped 
to templet size. The surfaces were sprayed with several coats 
of lacquer base filler and rubbed down with various grades of 
water cloth, the final finish being obtained with a No. U00 
water cloth. The panel was supported on the wing by rubber pads 
running along the top and bottom of the wing spars and was secured 
in place by means of steel straps. The position of the panel was 
such that the inboard end of the leading ed(-e was about 1 foot 
outboard of the propeller disk, the leading and trailing edges 
were normal to the plane of svmmetry of the airplane, and the 
plane of chord lines coincided approximately with the plane of 
chord lines of the wing. The panel was faired into the wing by 
means of fabric stretched taut over a wooden framework. The 
weight of the panel and fairing was 139^ pounds; satisfactory 
lateral balance for all conditions 0: flight was obtained by 
removing all fuel from the left-wing tanks and adding 35O pounds 
of ballast in the right wing tip. Figure 1 is a photograph of 
the tost panel mounted on the wing; its dimensions and location 
are shown in figure 2. 
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The upper surface of the panel was ref inlshed several 
times during the course of the tests so that various surface 
conditions are represented in the results. An index of the 
surface wavinesSj 1. e., the magnitude of the transverse waves, 
was obtained by measuring the curvature variation along the 
surface "by means of the device shown in figure 3. Finishing 
the 3 over surface was found to he very difficult so that no 
attempt was made to nefinish It end no vavine sa measurements 
were made on it. The condition of the lower surface through- 
out the investigation is "believed to have been about the same 
ae the initial condition of the upper surface. 

Free— stream static and total pressures were measured by 
means of static** and total-pressure tube 3 which were calibrated 
with a static head suspended below the airplane . 

The characteristics of the boundary layer were determined 
by means either of 5— tube or 2-tube racks. The 5-tube racks 
were each composed of a static— pre ssi'.re tube and four total- 
pressure tubes arranged to measure the static pressure just 
outside the boundary layer and bfae total pressure close to 
the surface and at various distances above the surface within 
the boundary layer; they were used to determine the velocity 
profile of the boundary layer, In cases where it was desired 
to determine only the point at which transition occurred the 
2-tube racks , each consisting of a static tube located just 
outside the boundary layer and a total.— pressure tube located 
close to the surface, were used. 

Wake-pressure surveys for the determination of profile 
drag were accomplished by means of a bank of 25 total— pressure 
and 6 static— pressure tubes located 12 percent of the chord 
back of the trailing edge on the panel center line and extending 
through the^ entire wake. The total— pressure tubes were spaced 
0.60 inch apart. A bank of tubes consisting of ?1 total— pressure 
tubes, spaced 0.25 inch apart , and 3 static— pressure tubes, 
mounted at the center of the trailing edge and extending only 
through the upper surface wake was used for the determination 
of the profile drag of the upper surface alone. 

All pressures were measured by means of a multiple— tube 
alcohol manometer and were recorded photographically. 
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TESTS 



Boiindary—layer n«eaourements were riede on the upper surface 
of the test panel over a range of airplane lift coefficients 
from about 0.20 to O.ho; the range of ccrre bp ending Reynolds 
numbers was frcra about §0,000,000 bo 20,000,000. Several 
conditions of the panel surface, as indicated in figure h, -and 
various power conditions were investigated. The power conditions 
covered were as follows: both engines full throttle; "both 
engines idlimgj left engine stopped, right engine full throttle; 
right engine stopped, left engine full throttle; "both enginec 
stopped. Only a few tests were made on the lower nurface of 
the panel because of its inferior condition. 

The profile drag due to "both surfaces and that due to the 
upper surface alone was determined with the panel surfaces in 
the final condition and for two power conditions: both engines 
at full throttle and both engines stopped. Tfce profile-drag 
measurements covered a range of airplane lift coefficients from 
0.21 to 0.32 with a range of corresponding Reynolds numbers 
from 32,000,000 to 2^,000,000. 

Inasmuch as it was necessary to dive the airplane in order 
to attain the low lift coefficients desired, the relative lag 
of the various pressure tubes and lines was determined by 
special tests and the results were corrected accordingly. 



RESULTS • 



Results of the investigation are presented in figures 5 to 10 
and in tables II to V. In figure 5 the distributions of pressure 
coefficient, S, (S=q/q Q ) . ovor the forward parts of the surfaces 
are shown. All experimental points in figure 5 are for positions 
along the center line of the upper and lower surfaces of the tost 
panel and were determined by means of the boundary-layer racks. 
Transition results are presented in tables II and III for four 
surface conditions as shown in figure and for various engine 
and propeller conditions. The ranges of lift coefficient and 
Reynolds number covered in each test run are included in addition 
to the particular lift coefficients and Reynolds numbers at which 
transition occurred. The method of determining the conditions 
for transition is indicated in figure 6. In figures 7 and 8 the 
velocity distributions in the laninar-boundary layer are shown 
for various chordwiae and lateral, positions on the upper and 
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lower surfaces 13 plots of u/U against where u is 

0 

the velocity within the boundary layer, U is the velocity 
Just outside the boundary layer, y is the distance from the 
surface at which u is measured, c is the panel chord, and 
H ig the Reynolds number in terms of the panel chord and the 
free— sbream velocity; this method of plotting eliminates the 
effect of variations in Reynolds number. Values of Rk, the 
"boundary-layer Reynolds number in term? of U and of the value 
of y at which u/U * O.'jOf, are .listed in table IV for 
various conditions under which transition to turbulent flow 
was probablj iiwaixienfe* The profile-drag: coefficients for "both 
surf ace 3 and for the upper surface alone are given in figures 9 
and 10, respectively, and in table V, 



DISCOSSIOII 



The pressure distribution over the forward 53 percent of the 
chord on the upper surface a*l& over hO percent of the chord on 
the lower surface war determined from the static— pressure measure- 
ments obtained with the boundary-layer racks. Inasmuch as the 
section lift coefficients c^ could not be evaluated without 
pressure-distribution data ever the entire panel chord, the 
results of the investigation are presented in relation to the 
airplane lift coefficient C^, A spanwise variation in the 

surface pressures indicated that the section lift coefficient 
varied on the order of k or 5 percent over the range of spanwise 
positions covered in the tests y being highest inboard and lowest 
outboard of the panal center line . The section lift coefficient 
at the center of the teat panel is estimated to be about 0.90 of 
the airplane lift coefficient. 

The experimental pressure distribution shown in figure 5 
was obtained at an airplane lift coefficient of 0.238 so that 
the section lift coefficient was probably about 0.22 as compared 
to the value of 0.20 at which the airfoil is designed to operate. 
This small difference in lift coefficient would probably not 
materially affect the Shapef of the curves. The minimum pressure 
on the upper surface is shown to occur at about 1*5 percent of 
the chord. 

The transition conditions summarized in tables II end III 
are defined as the conditions at which, for a given chord >'iso 
position a slight departure from the given lift coefficient-* 
Reynolds number combination would cause transition from laminar 
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to turbulent flow. The transition vrae generally well defined "by 
an abrupt rise in the velocity close to the surface as illustrated 
In figure 6. 

Comparison cf the transition results for the various con- 
dibions tested is rather uncertain in some cases owing to the 
fact that tii^re is no fjbtei relation between airplane lift 
coefficient and Reynolds irjiober; 1. e., for a quantitative 
evaluation of the effect, for example, of the power or surface 
condition on the oxtsnt of the ] gonJ nur- boundary layer, com- 
parison should be made at the anno lift coefficient and at 
tho same Reynolds number. There are, however, several con- 
clusions Indicated by the results. With the best surface 
condition tested (condition D, fig;, h) and with the left enfine 
stopped the laminar boundary layer wan maintained to' h2.h percent 
of the chord on the upper surface. As 3b own in table II, tran- 
sition was observed at this station at several different combi- 
nations of and R owing to the itnavoidable variation in 
the relation of R to Ct between different test runs. At 
an airplane lift coefficient of 0.220 which most nearly approaches 
the design lift coefficient of the panel (c^ * 0.20), the 
Reynolds number for transition f;t k2*k percent of the chord 
was 25,7 millions. The transition point on the lower surface 
was not determined for exactly the foregoing conditions but, 
as shown in table III, at a li^t coefficient of 0.2 ] +7 and a 
Reynolds number of 26.8 millions transition occurred at 28. U 
percent cf the chord so that for Ct = 0.220, representing a 
more unfavorable condition for the Io::er surface, the extent of 
the laminary layer would be somewhat less than 28. h percent of 
thj chord. This result is an indication of the degree of 
inferiority of the lower surface condition as compared to that 
of the best upper surface condition. 

The influence of surface condition on the position of 
transition is shown more directly by comparison between the 
transition resuJ.ts obtained with the different upper surface 
conditions. With condition A, for which the indicated ampli- 
tude of the transverse surface waviness was as much as 0.005 
inch, /and with the 3 eft engine stopped, transition occurred 
at 32.5 percent of the chord and 2h inches outboard of the 
panel center line at an airplane- lift coefficient of 0.2*+7 and 
a Reynolds number of 26. k millions. For surface condition D, 
with an indicatod waviness amplitude of 0.001 inch, and the 
same power condition the transition occurred at h2.h percent 
of the chord at the same Reynolds number and a more unfavorable 
lift coefficient of O.256. The result of the improvement in the 
upper surface condition was therefore an increase in the extent 
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of the laminar boundary .layer of at least 10 percent cf tho 
chord. The effects of the intermediate surface conditions pre 
not definitely indicated by the results. 

Operation of the anginas and propellers had an adverse 
effect on the extent of the laminar layer. Comparison of the 
results obtained with "both engines operating at full throttle 
with those obtained with "both engines stopped indicates a 
reduction in the laminar-flow run of about 3 percent of the 
chord. . 

In figures 7 and 3 bo;mdar;-luyer velocity distributions, 
determined for several conditions from tlie tests, ere compared 
with the theoretice.l 3iasiu3 flap -plate d3 3tributions. In 
general, the experimental points c -ifora to the theoretical 
profile shape within che probable n iiiiite of accuracy of the 
measurements. The effect o£ the favorable pressure gradient, 
which is maintained over tbe foi*ward tyj percent of the 
35-215 airfoil section, is evidencod in llgutfe 7 by the values 
of equivalent flat-plate length, corresponding to the Blasius 
profiles, which are generally less than the actual distance 
along the surface from the stagnation point . 

The values of E5 derived "rem the measured velocity 
distributions in the laminar bour.;.ary layer and listed in 
table IV range from about 7503 to 9C00. Although individual 
values may not bo entirely reiiabDc, the results, in general, 
are sufficiently consistent to permit the conclusion that 
values of R 5 of at least 8000 are attainable before tran- 
sition occurs in flight on suitably designed and carefully 
finished airfoils. The value 8000 represents a considerable 
increase over the highest values obtained in the original 
NACA low-turbiilence tunnel on laiiiinar-f low airfoils similar 
to the 35-215 section; this comparison indicates that even 
with extremely low turbulence in the tunnel air stream, 
boundary-layer and profile-drag measurements may bo subject 
to considerable revision when applied to flight conditions. 
It is pointed out that while the value R g = 8000 may not 
be the ultimate attainable, thir value has been attained end 
therefore may be used as a guide In estimating what may be 
expected in the extent of the ltnlnar "boundary layer and 
hence in profile drag for airfoils having pressure-distribution 
characteristics generally similar to '.hose of the 35-215 airfoil. 

The profile-drag coefficient of the panel was determined 
from the full-wake surveys in accordance with the momentum 
mothod as developed by Jones. (See reference 3.) For the 
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power-off condition the coefficient is substantially constant 

over the range of lift coefficient and Bby&olds number invest i- 
gated and has a value of about 0.001; 8. With power on the value 
is increased to about 0.0052 or 8 percent. 

In view of the inferior condition of the lower surface of 
the panel the p>*of lie-drag measurements on the up per surface 
alone are considered as mure nearly representative of the capa- 
bilities of the airfoil. The drag coefficients wore evaluated, 
from the half -wake surveys "by the method of Squire end Youn^. 
(See reference k.) As shown in figure 10, for the power-off 
condition the coefficient increased from about 0.0022 et an 
airplane lift coefficient of 0.23 and a Reynolds number of 
29,000,000 to 0.00?8 at a 31ft coefficient of 0.32 and a 
Reynolds number of 2k, 000,000. It is reasonable to assume that 
for equally good surface conditions the drag due to the lower 
surface would be less than tha 1 : of the upper surrace so that 
the minimum drag coefficient of the airfoil would be somewhat 
3.083 than O.OOMk The adverse effect on the drag coefficient 
due to engine and propeller operation is substantiated by the 
povor-on results which show an increase in drag coefficient 
of about 10 percent over the power-off values. 

In reference k 3 in addition to the method of determining 
profile drag from wake surveys, there is developed a method 
of predicting the drag from a knowledge of the location of 
the transition point, the laminar boundary-layer velocity 
distribution immediately forward of the transition point, 
and the pressure distribution between the transition point 
and the trailing edge. To make use of this metnod the ex- 
perimental pressure-distribution curve for the upper surface 
given in figure 5 Wa§ extended from 53 percent of the chord 
to the trailing edge where the pressure was known from the half- 
wake surveys. The profile-drag coefficient of the upper sur- 
face was then calculated for the cashes of transition at U2.5 
percent and 32. 5 percent of the chord, both at a Reynolds 
number of 28,000,000. For the 1+2.5 percent location the drag 
coefficient was 0.0023 vhich is in close agreement with the 
value obtained by the wake-survey method. With transition 
at 32.5 percent of the chord the drag coefficient was calculated 
to be 0.0028. These results indicate a reduction of about 
18 percent in the profile drag due to the improvement in sur- 
face condition between condition A and condition D. 

The significance of the values of profile drag obtained 
from the tests of the 35-215 airfoil section may become more 
apparent from suitable comparisons. For example, the theoret- 
ical turbulent skin-friction drag coefficient for two sides 
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of a flat plate at the Reynolds number ct which the value of 
0.00^8 was obtained for the tort panel is O.OO52 or about 8 
percent greater. The minimum profile-drag coefficient for the 
conventional MCA 0015 airfoil section is estimated to "be 
O.OO17 at the same Reynolds number or about 20 percent greater 
then that of the 35-215 section. Comparison on the basis of 
the upper surface drag indicates that the single surface 
turbulent skin friction of a flat plate is about 12 percent 
greater and the single surfe.ee drag of the 0015 section about 
30 percent greater than the upper surface drag of the 35-215 
airfoil section. 



CONCLUDING KEMftSKS 



A laminar boundary layer was maintained over the upper 
surface of the NACA 35-215 test panel to x/c = 0 .k2h where 
transition to turbulent flow occurred at a lift coefficient 
of 0.220 and a Reynolds number of 26,700,000. Improving the 
condition of the upper surface so that the indicated amplitude 
of the transverse waves, as measured with the surface curvature 
gage, was reduced from 0.005 inch to 0.001 inch resulted in 
increasing the extent of the laminar boundary layer from 32.5 
percent to U2.5 percent of the chord, thereby probably reducing 
the profile-drag coefficient of the upper surface about 18 per- 
cont. The results of the transition tests indicated a forward 
movement of the transition point of about 3 percent of the chord 
due to operation of the engines and propellers. 

The velocity surveys in the laminar boundary layer indicated 
that values of boundary-layer Reynolds number Eg (based on 
the distance from the surface at which the dynamic pressure in 
the boundary layer is one— half that just outside the boundary 
layer) exceeding 8000 are attainablo in flight on suitably 
designed and carefully finished airfoils. 

The profile-drag coefficient with power off was very nearly 
constant with a value of 0.00^-8 for flight conditions ranging 
from an airplane lift coefficient of 0.21 and a corresponding 
Reynolds number of about 30,000,000 to a lift coefficient of 
0.32 caid a Reynolds number of 2^,000,000. For the same range 
of conditions the profile-drag coefficient of the upper surface 
alone varied from 0.0022 to 0.0028. The effect of full-throttle 
operation of the engines and propellers increased the profile- 
drag coefficionts as measured for both surfaces and for the 
upper surface alone on the order of 8 to 10 percent • 
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Comparison of the results of the present flight tests on 
the 35-215 airfoil section with data obtained on generally 
similar airfoils in the original NACA low-turbulence wind 
tunnel showed that 5n flight the laminar boundary layer was 
maintained to values of Eg considerably greater than the 
highest values that were attained in the tunnel. This result 
indicated that even in tunnel air streams of extremely low 
turbulence the effect of the residual turbulence miftht be 
appreciable , and thereby demonstrated the necessity of con- 
tinued flight research on airfoils of large scale to supple- 
ment the development work of the tunnels. 



Langley Memorial Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 
Langley Field, Va., May 5, 19^1. 
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